[Abstract] Odor is the most fundamental chemical stimulus that delivers information regarding food, mating partners, enemies, and danger in the surrounding environment. Research on odor response in animals is widespread, although studies on experimental systems in which the gradient of odor concentration is quantitatively measured has been quite limited. Here, we describe a method for measuring a gradient of odor concentration established by volatilization and diffusion in a relatively small enclosed space, which has been used widely in laboratories to analyze small model animals such as the nematode Caenorhabditis elegans and the fruit fly Drosophila melanogaster. We first vaporized known amounts of a liquid odorant 2-nonanone in a tank and subjected them to gas chromatographic analysis to obtain a calibration curve. Then, we aspirated a small amount of gas phase from a small hole on an agar plate and measured the odor concentration. By repeating this at different spatial and temporal points, we were able to detect a gradient of the odor concentration that increased over time.
strengthening the air flow for the odor gradient compared to the flow for sampling or by optically measuring the air phase odorant concentration. Gershow et al. (2012) developed a relatively large apparatus (30 x 30 cm) for Drosophila larvae for slow but large (2 L/min) constant parallel flows with different concentrations, in order to create an odor concentration gradient perpendicular to the flow. Louis et al. (2008) used infrared beams to measure integrated concentrations of odor on one axis in a naturally evaporated and diffused gradient, and calculated the gradient shape mathematically based on Gaussian diffusion. The former method allows quantitative measurement of the odor gradient, although it is not based on natural evaporation and diffusion. It also requires specific, controlled apparatus. The latter method is suitable for natural gradients, although it does not allow accurate measurement of specific positions.
Here we report a method to measure a dynamic odor gradient in a widely-used plastic plate by gas chromatography (GC). Observing odor-taxis behaviors on plastic plates with an agar layer is easy and thus is conducted in many laboratories. In addition, we are able to video-record the behaviors using inexpensive USB cameras. Therefore, by measuring temporal changes in the odor gradient on an agar plate, we can obtain clues to estimate brain computations controlling how temporal changes in odor stimuli affect the animal's behavior.
For measurement, first, specific amounts of liquid odorant are individually volatilized in a vaporizing tank to make gas with known concentrations of odorant. Then, the gas is subjected to GC with different concentrations, in order to calculate a calibration curve for known gas concentrations and GC values.
Next, a small amount of gas is sampled from a specific spatio-temporal point on an agar plate with evaporating and diffusing odorant, and subjected to GC analysis. Finally, the entire odor gradient is calculated by the measured concentrations at different spatio-temporal points. In our experiment, measurements suggested that C. elegans responds behaviorally to odor concentration changes as small as ± 0.01 μM/sec in ~2 μM concentration on a natural odor gradient. This is consistent with results from an experiment with artificial and controlled odor concentration changes (Tanimoto et al., 2017) . Other GC can also be used. 
Materials and Reagents

Procedure
Overview: We vaporized specific amounts of liquid 2-nonanone in the vaporizing tank to make 2-nonanone gas of known concentrations, and measured GC values to calculate a calibration curve. Next, a gas phase of 0.2 ml in an agar plate was sampled and measured with the GC. Although we did the following with 2-nonanone, our method should be applicable for other odorants that are vaporized from the liquid at room temperature and can be measured by gas chromatography. Important steps are summarized in Video 1. However, the time to reach maximum odor concentration varied for each amount of liquid, likely due to differences in vaporization, diffusion, and trace adhesion to the vaporizing tank wall. Therefore, 6 www.bio-protocol.org/e2797 we monitored temporal changes in odor concentration in the tank to find the optimal time for vaporization of each concentration.
1. Flow the carrier gas at 0.25-0.35 MPa from the air cylinder connected to the GC.
Note: Do this immediately before turning on the GC.
Turn on the GC immediately after
Step A1.
Note: Flowing gas without turning on power will damage the column inside the GC.
3. Wait until the 'Ready' lamp is illuminated.
Notes:
a. This may take about 90 min.
b. If the GC is used after a long interval (e.g., more than 2 weeks), the measured value tends
to be higher. In that case, use the GC a few days before taking actual measurements. An interval of up to several days has no effect. It will take about 10 min to reach 50 °C.
5. Take an appropriate amount of 2-nonanone liquid (Table 1 ) with a glass syringe of 5 μl or 50 μl, insert it in the liquid inlet on the lid of the tank, and place the liquid in the vaporizing groove installed on the back side of the lid. where C is the required gas concentration (mol/L), Vliquid is the amount of liquid (ml) to be added, d is the density of liquid odorant (g/ml), M is the molecular weight (g), and Vtank is the volume of the vaporizing tank (L).
7. Start SGC.exe on a Windows PC connected to the GC and operate according to the manual.
8. Press the start button in SGC.exe. 9 . After a certain period of time (see Table 1 ), carefully insert the replacement needle attached to the disposable syringe from the gas outlet. Extract 0.2 ml and quickly remove the needle from the tank. Carefully insert the needle in the gas inlet of the GC (Figure 2 ) until it hits the bottom, and immediately infuse the gas inside the syringe.
Note: This step should be completed in about 5-6 sec.
10. Measurement is started by gas injection. Drawing of the graph (Figure 3 ) starts and ends automatically. Data is automatically saved. In the default setting, a measurement takes 8 min.
The file can be exported as a CSV file. 11. To measure temporal changes in the measured value for the specific amount of the odorant, odor gas sampling can be performed at different time points for one odorant injection (e.g., 6, 18, 30, and 42 min for 6.8 and 11.1 μM; see Table 1 ). However, if there is no 8-min interval (e.g., 1, 2, 3, and 4 min for 0.04 and 0.12 μM), clean the tank (see the next section) and start from the gas vaporization.
12. If gas remains in the tank (likely by adhesion to the wall), vaporization of the residual amount affects the GC value, especially when a small concentration is being measured. In order to avoid this, gas in the tank is removed with a vacuum cleaner, and the wall is wiped with a paper towel containing EtOH, followed by further suction with the vacuum cleaner. After this procedure, remaining gas was not detected in our experiment.
13. For all conditions, repeat the measurement 3-4 times (once daily and repeat over 3-4 days) and find the time at which the average value is at a maximum (Figure 4 ). In the case of 2-nonanone, the relationship between odor concentrations and measured values are nicely fitted to two regression lines for concentrations lower and higher than 4 μM (R 2 = 0.9991 and 0.9995, respectively; Figure 5 ) (Tanimoto et al., 2017) . In general, for semiconductor detectors, the correlation between the peak height of the signal and signal concentration in a log-log plot is well-fitted by two simple regression lines for lower and higher concentrations. Therefore, these results are adopted as calibration curves for low and high concentrations. Excel (Microsoft) is used for data analysis. Figure 6 Then close the lid.
Note: We measured at six points (x, y, z) on the assay plate shown in
3. From the back of the plate (i.e., the opposite side of the lid), make a hole with a pin vise with a 1 mm drill at the position of the agar hole. This will result in a hole in the same position on the plate and the agar. 4 . If necessary, use cellophane tape to cover the hole from the back side. Turn back one side of the cellophane tape for ease of peeling. This is not necessary for odorants with large molecular weights such as 2-nonanone. We compared outcomes with and without taping, and found no difference.
5. Spot the liquid odorant at the odor source position (we used 2 μl of 30% 2-nonanone diluted in EtOH), immediately cover the lid, place the plate upside-down (hole up) and leave it on the bench.
Note: In the worm's odor avoidance assay, worms suspended in a small amount of buffer droplet
are spotted at the center of the plate 1.5 min before the odor is spotted (Kimura et al., 2010) , and the time of odor spotting is counted as t = 0. In this odor measurement, however, the worms are not spotted for the sake of simplicity.
6. When an appropriate amount of time (i.e., 1, 3, 6, 9, or 12 min) has passed, remove the tape (if applied) without moving the plate. Carefully insert the replacement needle attached to the plastic 2.0 ml disposable syringe so that the needle hole is positioned in the gas phase 1 mm away from the agar surface (i.e., just below the agar surface in the upside-down plate). Slowly extract 12 www.bio-protocol.org/e2797 0.2 ml of the gas so as not to disturb the gradient severely. Quickly remove the needle tip from the plate and insert it in the gas inlet of the GC, and inject the gas.
Note: Since sampling may destroy the gradient, only one sample was taken from each plate.
7. Several samples should be taken (we took 7-9) for each position and time, using the median to calculate the dynamic odor gradient.
C. Fitting the odor gradient
Model selection
At the beginning of curve fitting, a parametric function needs to be specified for the data. 
This function is a solution of the rate equation dC(t)/dt = b(a -C(t))
which implies that C(t) changes with the rate proportional to the difference from the asymptotic concentration.
In the measurement, increasing of the 2-nonanone concentration was slow as the distance from the spots is far (Figure 7) . A mass transfer by molecular diffusion accounts for this result.
Therefore the increasing rate is a decreasing function of the distance r from the spot such as
, where b0 (> 0), b1 and b2 are constant parameters. For good fitting in a relatively short time after putting the odor sources, furthermore, the asymptotic concentration is also a decreasing function of r such as a(r) = a0 exp(-a1 r -a2 r 2 ), where a0 (> 0), a1 and a2 are constant parameters. Because there are two odor sources in the plate, the measured concentrations are fitted to the following function with two saturation curves. 
The radius of the plate is 44 mm (1 mm in the plate thickness). 
Fitting algorithm
The fitting parameters in C(x, y, t) are determined by the Levenberg-Marquardt method which is widely used to solve non-linear minimization problems (Press et al., 1992) . Letting be the parameter vector, the sum of the squared errors is explicitly defined by:
Where un is the n-th measured concentration at position (xn, yn) at time tn ( ). The Introducing the following function with logarithmic barriers, the given constrained minimization problem is approximately replaced by an unconstrained minimization problem. Where μ is a penalty factor whose value is initially large positive and is reduced to zero as is converged. The iterative algorithm to determine which minimizes is as follows.
Step 1: Initial values are set for , μ and λ. Where λ is a damping factor in the LevenbergMarquardt method and is used in Step 2. is chosen to satisfy the inequality constraints.
Initial μ and λ are large positive.
Step 2: The Jacobian matrices J = ({Jij}), G = ({Gij}), the diagonal matrix M and the residual vector are calculated.
Then, the following linear equation of is solved and is calculated. Where .
Step 3 
Execution and result
In this work, the fitting algorithm is implemented in C language and is compiled by the GNU Compiler Collection. The convergence criterion is Fitting result is shown in Figure 7 . Temporal change of the 2-nonanone gradient is shown in Video 1 in Tanimoto et al. (2017) . Although the odor sources spread in a round shape (~5 mm in diameter) in the experiment, their shape in the fitting is considered as a point which has no area. Therefore, the fitted 2-nonanone gradient around the spots became pointy.
When a simple exponential function b(r) = b0 exp(-b1 r) was used for fitting, the result was not good. A higher-order correction of more than r 2 term requires for good fitting. When b(r) = b0 exp(-b1 r -b2 r 2 -b3 r 3 ) was used for fitting, the result was almost the same as that without the r 
Data analysis
All data related to this study are already published in Tanimoto et al. (2017) .
Notes
1.
We found that variations in odor concentration become considerably smaller with increasing distance from the odor source, i.e., in the right half of the plate. Conversely, variations were greater near the odor source. We consider that this is because diffusion essentially equalizes variation, leading to less variation at greater distances from the source.
2. In the natural environment, odors are recognized to exist as plumes; they do not produce a smooth gradient. In this experiment, 0.2 ml was aspirated for one measurement, therefore we were not able to detect any spatial differences within this volume. However, based on the model of the smooth 2-nonanone gradient, C. elegans are estimated to respond to a concentration change of about 0.01 μM/sec, which is consistent with behavioral response in a constant odor concentration change in artificial flow (Tanimoto et al., 2017) . This suggests that the gradient is indeed smooth, at least in this case caused by volatilization and diffusion in the static space inside the plastic plate.
3. The shape of the gradient can differ substantially depending on the ratio of volatilization to diffusion. In the case of 2-nonanone, the ratio was appropriate for formation of a reasonable gradient. 
